developments of an initially Gaussian velocity profile are shown with solid lines in Fig. 4. Fig. 5 shows similar results for an initially triangular velocity profile (solid lines). It is observed that the initial velocity gradient is distorted due to the action of the nonlinear anomalous viscosity.
developments of an initially Gaussian velocity profile are shown with solid lines in Fig. 4 . Fig. 5 shows similar results for an initially triangular velocity profile (solid lines). It is observed that the initial velocity gradient is distorted due to the action of the nonlinear anomalous viscosity.
The results of Figs. 1 and 2 cannot be directly compared with those of Figs. 4 and 5 because the time scale T and r are different. From (4) and (7), it is observed that _ IVI T jav/ayl2 (10) In order to be able to compare the results of our linear analysis to the nonlinear ones, we must use some average of the righthand side of (10) . We employ the following initial estimate:
Substituting (8) and (9) in (11), we find that n1T for initially Gaussian and triangular velocity profiles are 4 V2 and 12.5, respectively. The velocity profiles of linear analysis at equivalent times are also plotted in Figs. 4 and 5. It is observed that the constant anomalous viscosity destroys the velocity gradient more rapidly as compared with the nonlinear one given by (2) . The decay of the center line velocity in accordance with the nonlinear theory (solid line) and the linear theory (broken line) are shown in Fig. 6 where T is converted to r. REFERENCES [1] [ 2] [31 [41 (1 1) [3] .
In this paper, a diagnostic for intense bursts of protons using prompt gamma rays from a nuclear reaction is described. The U.S. Government [5 ] .
Already, this diagnostic has been applied to intense proton beams using an uncalibrated detector for which only relative measurements were possible [6] . For absolute measurements, the dependence of the gamma-ray intensity on both proton energy and angle of the emitted gamma rays must be known. Measurements indicate that this shield attenuates the bremsstrahlung signal by about a factor of three.
III. THICK-TARGET YIELDS
The yield of gamma rays from proton bombardment of thick Teflon targets was measured with a 7.6-cm diameter by 7.6-cm thick Nal detector located 45 cm from the target. The targets consisted of Teflon sheet thicker than the proton range. To minimize target deterioration, beam currents of less than 0.2 h-A were focused into a target area >o aCM2. In this way, reductions in the gamma-ray yield due to target deterioration during a series of measurements were limited to less than 10 percent. The output of the Nal detector was amplified and all pulses corresponding to gamma-ray energies greater than 2.0 MeV were counted. Under these conditions, the background in the Nal detector was always hil2 percent. At the higher energies, lesser beam currents were used to minimize pulse pile up in the Nal detector. The absolute efficiency of the Nas detector was calculated to be 8.6 X 10-4 counts/ photon at 45 cm when counting only pulses greater than 2 MeV. This efficiency was calculated from interpolations of total efficiencies [7] and detector response spectra [8r for Nal detectors to 6.1l3-MeV gamma rays. Measurements at each angle were corrected for the attenuation of 6.1 3-MeV gamma rays in the target holder (corrections ranged from 4 to 12 percent) and compared to determine angular variations. The total angular variation at each energy was .10 percent, and in fact, was <6 percent above the 872-keV resonance. Since these variations are comparable to uncertainties due to target deterioration, it is concluded that no angular anisotropies are detectable in these measurements. This isotropy is not unexpected because these measurements of this nuclear reaction average over many resonances in the compound nucleus as well as over at least three independent exit channels.
Measurements at each energy were averaged over angle to provide the thick-target yields displayed in Fig. 2 [6] by summing the yields from many resonances below 1 MeV.
IV. ABSOLUTE CALIBRATIONS Calibration of both prompt gamma-ray detectors is required because the detector response is sensitive to the geometry of the lead shield. Both detectors were calibrated with the gamma source provided by the '9F(p, ay)160 reaction on the Van de Graaff accelerator.
The proton beam from the Van de Graaff is continuous, not pulsed, and therefore, it is necessary to relate this calibration to the detector response as recorded in pulsed-beam experiments. For measurements with intense pulsed proton beams the photomultiplier anode current is recorded on an oscilloscope which is terminated in 50 2 at the input. The measured voltage (Vd) is related to the detector output current (Id) by Vd = (50 Q2)Id.
(1) For a continuous measurement, the detector output current is integrated in time so that a total detector charge (Qd) is measured for a known proton charge (Qp) incident on a thick Teflon target. If the ratio (QdlQp) is determined for a given proton energy and target to detector distance, then the measured voltage in a pulsed experiment is related to the proton current (Ip) at this energy by Vd = (50 2)IpQdlQp-
The absolute calibration requires determining QdlQp (i.e., the detector output charge for a given number of protons incident on a thick Teflon target). The dependence of QdlQp on proton energy is given by the measured thick-target yield displayed in Fig. 2 where C and do are constants. The straight lines in Fig. 3 represent least-squares fits of (3) to the measurements. These fits correspond to C = 97 cm2, do = 7.8 cm for the small detector and C = 1810 cm2 do = 10.2 cm for the large detector.
To compare the sensitivities C at large distances for these two detectors, it is noted that the thick-target yield at 2.7 MeV is 16.3 times greater than the yield at 1.55 MeV (see Fig. 2 ). Consequently, the large detector is only about 10 percent more sensitive than the small detector. The increase in sensitivity expected from the larger solid angle of the big detector is nearly compensated for by gamma-ray attenuation in the thicker lead shield of the big detector. The values of do correspond to distances into the detectors which terminate inside the plastic scintillators. This suggests that gamma rays resulting from multiple interactions in lead around the circumference of the scintillator, as well as in lead in front of the scintillator, contribute to the measured detector output. The difference in do values for the two detectors is due primarily to the difference in lead thicknesses in front of the two detectors. The quadratic scaling of detector output with distance indicates that the detector is relatively insensitive to roomscattered photons.
Evidence that the detector output results from the interaction of low-energy photons in the plastic scintillator is provided by pulse-height analysis of the small-detector output. A pulse-height spectrum measured for an exposure to 6.1 3-MeV gamma rays is compared in Fig. 4 to a spectrum measured with a 60Co source. For the 60Co spectrum, the front of the lead shield was removed and the source was placed in front of the scintillator. The high-energy cut off in this spectrum presumably corresponds to 1.1 MeV. This is the maximum energy source. These spectra have been normalized at the peaks. spectrum of the 6-MeV gamma rays occurs at a channel corresponding to -0.7 MeV. There is practically no contribution to the detector output for higher energy gamma rays.
V. APPLICATION TO PULSED PROTON BEAMS
The calibration appropriate to pulsed proton-beam measurements is determined by substituting (3) into (2) and scaling the detector output according to the thick-target yield Y(E) as displayed in Fig. 2 Table I . In pulsed experiments, care must be taken to insure operation of the photomultiplier in a linear regime. The detectors used in these calibrations are designed to provide linear output currents of up to 0.3 A at 2500 V, which is the voltage used for the calibrations. An output of 15 V would be observed by a detector located 1 m from a Teflon target bombarded with a 1 -MeV, 0.1 3-kA proton beam. To measure more intense proton beams, the detector sensitivity must be reduced. Optical attenuation in the form of neutral density filters may be introduced between the scintillator and photomultiplier. Also, the photomultiplier high voltage may be reduced, but this will decrease the maximum linear output voltage and reduce the fast time response of the detector.
This prompt-gamma diagnostic has been used to measure intense proton beams produced in pinch-reflex-diode experiments [3] . The proton beam is generated in a reflex-diode geometry [10] and is directed to a Teflon target located 57 cm from the diode. The prompt-gamma response of a small detector located 60 cm from the Teflon target is shown in Fig. 5(a) . The prompt-gamma signal is delayed in time due to the proton time-of-flight so that the diode bremsstrahlung precedes the prompt-gamma signal. To minimize the bremsstrahlung signal in this measurement, the detector was located at 900 to the ion beam direction and additional lead shielding was positioned in the line of sight between the diode and the detector.
A comparison was made of the proton current determined by the prompt-gamma measurement with the proton intensity determined from activation [2] of the carbon in the Teflon target. The proton energy is given by the measured diode voltage corrected for inductive effects. To determine the proton current from the measured prompt-gamma voltage, one must correct for the flight times of different energy protons from the diode to the Teflon target. Then the time variation of the prompt-gamma voltage Vd(td) is related to the time variation of the proton current Ip (t) in the following way:
The quantity K is a constant specified by the detector geometry and the target-to-detector distance; 1 is the proton flight path from the diode to target, and v is the velocity of protons of energy E = 2 m v2 emitted at time t from the diode. In practice, the proton current is determined by iterating on (6) until the prompt-gamma response calculated with an assumed proton current agrees with the measured prompt-gamma response. An initial proton current is determined from a simple analytic model [1] . The final proton current and energy used to calculate the prompt-gamma voltage presented in Fig. 5 (a) are shown in Fig. 5(b) . The shape of this ion current is similar to that measured with a Rogowski coil in experiments at higher power levels [10] . For the present measurement, attenuating screens were used between the diode and the target to minimize target ablation. The current in Fig. 5(b) is that produced in the diode but attenuated by the screens. The resonance energies and widths are taken from the literature [11] . El = 457 keV, r1 = 36 keV E2 = 1699 keV, r2 = 67 keV.
The strengths of the resonances are determined from the measurements of Seagrave [12] for carbon targets. Cl = 2.41 X 1010 13N/proton/radian C2/Cl = 1.44. To convert from a carbon (C) to a Teflon (CF2) target, the ratio of the stopping cross sections (e) for 0.5-MeV protons was determined from the literature [13] . Then YCF2 = [e(C)/e(CF2)] Yc = 0.28 Yc. The number of 13N nuclei produced in a Teflon target by the proton current and voltage displayed in Fig. 5(b) is (4.7 ± 0.7) X 104. This uncertainty includes propagating a 10-percent uncertainty in the thicktarget yield from Teflon and a 5-percent uncertainty in the ion voltage. A measurement of the positron decay of 13N indicates that (5.9 ± 0.6) X 104 13N nuclei were produced in the Teflon target. The ion energy in this measurement is small enough that no correction for deuterons in the proton beam is necessary [2] . These independent determinations of the number of 13N nuclei are in agreement within the experimental uncertainties. It should be noted that the prompt gamma measurement only samples the proton current above 340 keV and the carbon activation only samples the current above -440 keV. These measurements are insensitive to the current profile for proton energies below these thresholds.
VI. CONCLUSIONS A detector for measuring the current of intense bursts of protons with a time resolution -5 ns has been described. Two different size detectors have been calibrated using the 19F(p, ay)160 reaction. The thick-target yield for this reaction on a Teflon target has been measured. A determination of the absolute proton current in a pulsed beam experiment with this diagnostic is in agreement with an independent determination of the total proton intensity in the same experiment. 
